A three-dimensional ~H chemical shifl/~H-'N dipolar coupling/~SN chemical shift correlation spectrum was obtained on a sample of specifically ~SN-labeled magainin peptides oriented in lipid bilayers between glass plates in a flat-coil probe. The spectrum showed complete resolution of the resonances from two labeled amide sites in all three dimensions. The three orientationally dependent frequencies associated with each resonance enabled the orientation of the peptide planes to be determined relative to the direction of the applied magnetic field. These results demonstrate the feasibility of multiple-pulse spectroscopy in a flat-coil probe, the ability to measure three spectral parameters from each site in a single experiment, and the potential for resolving among many labeled sites in oriented membrane proteins.
Solid-state NMR spectroscopy of macroscopically oriented systems is a particularly appealing approach to the structural characterization of peptides and proteins associated with bilayer membranes (Cross and Opella, 1994) , since their three-dimensional structures are intimately related to the highly ordered and anisotropic environment of phospholipid bilayers, and suitable welloriented samples can be prepared for these compounds. Orientationally dependent spectral parameters are measured and then interpreted in terms of the angles between the individual bonds and the direction of the applied magnetic field. Generally, this has been accomplished using specifically labeled samples, where the spectral parameters from one or, at most, a few sites are measured in each experiment (Bechinger et al., 1991) . The implementation of three-and four-dimensional solid-state NMR experiments (Ramamoorthy et al., 1995a,b) in structural studies of oriented membrane samples is attractive, because it gives opportunities for resolving among multiple overlapping resonances and for measuring multiple spectral parameters from experiments on uniformly labeled peptides and proteins.
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a recently developed three-dimensional solid-state NMR experiment (Ramamoorthy et al., 1995a ) that correlates IH chemical shift, 1H-~SN heteronuclear dipolar coupling, and 15N chemical shift frequencies of a sample of specifically lSN-labeled magainin peptides in lipid bilayers oriented between glass plates in a flat-coil probe (Bechinger and Opella, 1991) . Each resonance in the resulting 3D spectrum is characterized by three frequencies that can be analyzed by the graphical restriction plot method (Stewart et al., 1987) to yield the orientations of the individual peptide planes, which can then be assembled to form the polypeptide structure (Opella et al., 1987) . The spectrum also demonstrates the potential for resolution among resonances from multiple sites in uniformly labeled proteins. An important technical finding is that a flat-coil probe has adequate rf homogeneity for multiple-pulse line narrowing of ~H resonances. The samples used for these studies consisted of specifically 15N-labeled magainin2 peptides in hydrated phospholipid bilayers oriented between glass plates. The magainins are a family of 21-26-residue amphipathic helical peptides, found originally in frog skins, which have potent antibiotic activities (Zasloff, 1987) . There is strong evidence that their biological activities are due to interactions with membranes rather than protein receptors. These peptides have been shown to be helical in several membrane environments by multidimensional solution NMR spectroscopy (Marion et al., 1988 ; J. Gesell, M. Zasloff and S.J. Opella, unpublished results). Our earlier 1D and 2D solid-state NMR studies of magainins showed that residues throughout the peptide form an s-helix with its axis aligned parallel to the plane of the bilayers (Bechinger et al., 1991 (Bechinger et al., ,1992 (Bechinger et al., ,1993 Opella et al., 1993) .
The sequence of magainin2 is n-GIGKFLHSAKKFG-KAFVGEIMNS-amide. Two peptides were synthesized separately with ~SN-valine at position 17 or with lSN-phenylalanine at position 16 (Bechinger et al., 1993) . The sample with two different labeled magainins was prepared by mixing 7 mg of each of the labeled peptides with sufficient palmitoyl-oleoyl-phosphatidylcholine (POPC) (80%) and palmitoyl-oleoyl-phosphatidylglycerol (POPG) (20%) to obtain a final molar ratio of 4% peptide in the lipids. The mixtures of peptides and lipids were co-solubilized in chloroform with a trace amount of trifluoroethanol and then spread on the surface of 20 18 x 18 mm glass plates, the thickness of which was reduced from 0.1 to 0.06 mm by etching in a solution of 8% HF in ethanol (v/v) as described by Prosser et al. (1995) , to give the highest possible filling factor within the basic geometry of a fiatcoil probe. After air drying of the sample, residual solvent was removed under vacuum for 2 h. The plates were then stacked and the sample was hydrated at 45 ~ for more than 12 h. After hydration, the sample was equilibrated at 93% relative humidity for an extended period of time in a closed chamber. The sample was wrapped with a plastic film prior to insertion in the rf coil of the probe.
The NMR experiments were performed on a Chemagnetics CMX-400 spectrometer equipped with a wide-bore Oxford 400/89 magnet. The home-built double-resonance probe, tuned for IH at 400.6 MHz and 15N at 40.6 MHz, had a rectangular four-turn coil with inner dimensions of 18 x 18 • 5 mm. During the experiments, the sample temperature and hydration were maintained by flowing large volumes of prehumidified air over the coil and sample. For the one-dimensional experiments, an rf field strength corresponding to 61 kHz was employed with MOIST phase-alternated single-contact cross-polarization (Levitt, 1986) to generate magnetization prior to data acquisition. The three-dimensional pulse sequence has been recently described (Ramamoorthy et al., 1995a) . It utilizes flip-flop Lee-Goldburg homonuclear decoupling (Lee and Goldburg, 1965; Mehring and Waugh, 1972; Bielecki et al., 1990 ) to achieve line narrowing of the ~H resonances during t~ as well as during t2, when spin-exchange at the magic angle (SEMA) (Wu et al., 1994) is effected for measurement of the 1H-15N heteronuclear dipolar couplings. Continuous IH irradiation is applied during data acquisition in t 3 to provide ~H decoupling of the observed 15N resonances.
Multiple-pulse line-narrowing experiments are critically dependent on rf homogeneity, and this was of considerable concern with regard to the potential applicability of these pulse sequences in flat-coil probes. However, we found that the line narrowing achievable in a flat-coil probe is similar to that for a solenoidal-coil probe, demonstrating that the rf homogeneity is adequate, at least with flip-flop Lee-Goldburg sequences, for experimental studies of large samples oriented between glass plates. The line widths observed for the oriented bilayer samples in a flat-coil probe were about 1.3 ppm for the ~H resonances and about 400 Hz for the ~H-~SN dipolar couplings, which, although somewhat broader than those observed (0.8 ppm and 180 Hz) for a single crystal sample in a solenoidal-coil probe, are quite favorable. Since the tSN resonance line width is 10 ppm in the oriented bilayer sample compared to 1.5-4 ppm in single crystal samples, at least some of the residual line widths are likely to be due to imperfections in sample orientation rather than limitations of the pulse sequences or coil geometry. The JSN resonance line widths observed in these spectra are somewhat narrower than those in our previous studies. This reflects better sample orientation resulting from the optimization of conditions and preparative procedures; however, considerable room for improvement remains. The experiments started with an rf field strength of 42 kHz on both the 1H and ~SN frequencies, resulting from rf irradiations of 0.2 and 1.1 kW, respectively; during t2, the ~SN rf field strength was increased to 51 kHz (1.5
